Abstract: Disordered regions play important roles in protein adaptation to challenging environmental conditions. Flexible and disordered residues have the highest propensities to alter the protein packing. Therefore, identification of disordered/flexible regions is important for structural and functional analysis of proteins. We used the IsUnstruct program to predict the ordered or disordered status of residues in 122 proteomes, including 97 eukaryotic and 25 large bacterial proteomes larger than 2,500,000 residues. We found that bacterial and eukaryotic proteomes contain comparable fraction of disordered residues, which was 0.31 in the bacterial and 0.38 in the eukaryotic proteomes. Additional analysis of the total of 1540 bacterial proteomes of various sizes yielded a smaller fraction of disordered residues, which was only 0.26. Together, the results showed that the larger is the size of the proteome, the larger is the fraction of the disordered residues. A continuous dependence of the fraction of disordered residues on the size of the proteome is observed for four domains of life: Eukaryota, Bacteria, Archaea, and Viruses. Furthermore, our analysis of 122 proteomes showed that the fraction of disordered residues increased with increasing the length of homo-repeats for polar, charged, and small residues, and decreased for hydrophobic residues. The maximal fraction of disordered residues was obtained for proteins containing lysine and arginine homo-repeats. The minimal fraction was found in valine and leucine homo-repeats. For 15-residue long homo-repeats these values were 0.2 (for Val and Leu) and 0.7 (for Lys and Arg).
Introduction
Prediction of 3D protein structure and function is a general direction of structural genomics. Of special interest is the search for important functional regions and motifs in a polypeptide chain. To this end, several databases are currently available: PROSITE, InterPro, Pfam, and ModiDP [1] [2] [3] [4] . Protein regions without a fixed structure, a.k.a. disordered regions, often play important functional roles, yet such regions cannot be resolved by X-ray crystallography. Therefore, prediction of disordered regions for various proteomes is necessary to identify fragments of globular proteins amenable to crystallization, as well as to understand protein functions and their environmental adaptability.
Protein adaptation to extreme conditions is achieved via the major functional simplification apparent at the level of both the genome and the individual genes and proteins [5, 6] . The adaptation of the catalytic, structural and regulatory functions of proteins to extreme conditions (high or low temperatures, salinity, etc.) is of particular interest. To understand the molecular mechanism of the protein adaptation, one should either rely on the experimentally determined 3D structures of the proteins and/or analyze their sequences. Here we carried out sequence analyses of 122 eukaryotic and bacterial proteomes to predict their disordered regions.
We created the first library of disordered regions based on the known protein structures from the clustered protein data bank [7, 8] . The library currently contains 171 disordered patterns. Most of such patterns comprise amino acid motifs with low complexity, including homo-repeats that are known to be disordered [8, 9] . One example is poly-His repeats that may play important functional roles. For example, six consecutive histidines facilitate efficient purification of a recombinant protein on a nickel column [10] . Moreover, functional histidine repeats frequently occur in the human proteome [7] . The minimal length of the homo-repeats that can influence the protein structure and function is thought to be 5-7 residues [7, 10, 11] . Increasing the length of homo-repeats can lead to enhanced protein aggregation and amyloid fibril formation [12] . Therefore, the presence of long repeats in proteins is often linked to amyloid diseases. For example, Huntington's disease [13] involves long poly-glutamine repeats in protein huntingtin, whereas ocular muscular dystrophy involves poly-alanine repeats in polyadenine-binding protein 2 [14, 15] .
Recently we analyzed the occurrence of the disordered patterns in 122 eukaryotic and bacterial proteomes to create the HRaP database [16] . Furthermore, we proposed a new phyloproteomic criterion based on the occurrence of simple motifs that can be imprints of evolutionary history. We studied the occurrences of 11,780 six-residue-long motifs consisting of two randomly located amino acids in 97 eukaryotic and 25 bacterial proteomes [17] . Here we address two questions. First, how many disordered residues are there in 122 eukaryotic and bacterial proteomes? Second, is it possible to change the dependence of the fraction of the disordered residues on the length of the protein homo-repeat? Figure 1 . Number of proteins with at least one occurrence of homo-repeat of 6 residues long for 1902 proteomes from eukaryotes (137), bacteria (1540), archaea (105) and viruses (120).
We also analyzed such occurrences in different kingdoms (see Figure 2) . The leaders among the nine eukaryotic kingdoms and five bacterial taxonomic groups are amoebozoa and alveolata proteomes (Figures 2 and 3) . In amoebozoa proteomes, nearly one half of all proteins include homo-repeats of 6 residues or longer. In alveolata proteomes, one third of all proteins contain such homo-repeats. We predicted the disordered residues for 122 proteomes using the IsUnstruct program [18, 19] . For each residue the probability to be unfolded was calculated. The sum of these probabilities normalized to the protein length gives the fraction of the disordered residues in a protein. Surprisingly, for the 25 bacterial proteomes analyzed, the fraction of disordered residues is also high, 0.31 on average ( Figure 4 ). Perhaps such a large fraction of disordered residues is typical for large bacterial proteomes such as those analyzed in our work, with the total number of residues exceeding 2,500,000. When the predictions were made by using the modified potentials which consider the effect of overprediction of disordered residues in the terminal regions, then similar results are obtained for all 122 proteomes. Only for bacterial proteomes fraction of disordered residues increased from 0.31 to 0.36. Therefore, such a large fraction of disordered residues identified in the bacterial proteomes is not a result of overprediction for the protein termini.
In the previous study we predicted the percent of proteins with disordered regions larger than 41 residues using the FoldUnfold program [20] . Based on our estimates, 12%, 3% and 2% of the proteins in eukaryotic, bacterial and archaean proteomes, respectively, are totally disordered. Long (over 41 residues) disordered segments were found in 16% of arhaean, 20% of bacterial, and 43% of eukaryotic proteins when using 19 archaean, 159 bacterial and 17 eukaryotic proteomes [21] .
Next, we considered all proteomes available at the UniProt database. Upon increasing the number of bacterial proteomes from 25 to 1540, fraction of disordered residues decreased from 0.31 to 0.26. Moreover, upon increasing the number of eukaryotic proteomes from 97 to 137, this fraction also decreased from 0.38 to 0.36. This suggests that large bacterial proteomes have a fraction of disordered residues comparable to that in the eukaryotic proteomes (see Figure 5 ). For 105 archaean proteomes this fraction was 0.24, and for 120 viral proteomes it was 0.28. Notably, eukaryotic proteomes have large-scale variations in their proteome sizes, from 463 to 59,053 proteins, whereas the size of bacterial proteomes ranges from 182 to 10,019 proteins. Similar analysis by using the PONDR-VSL2B program was reported in [22] where 3484 proteomes were considered. Eukaryotes were reported to have 32% disordered residues, whereas prokaryotes had 27%, suggesting that the boundary between the prokaryotic and eukaryotic proteomes was approximately at 30%. In our case, by using the IsUnstruct program to analyze 137 eukaryotic and 1540 bacterial proteomes, the predicted fraction of disordered residues was 0.36 and 0.26, respectively, suggesting a good agreement between [22] and our studies for the proteomes considered. However, for very large bacterial proteomes (>2,500,000 residues), the fraction of disordered residues was 0.31, comparable to that in eukaryotic proteomes reported in [22] . Figure 6 shows the predicted average fraction of disordered residues plotted as a function of the average protein length in the proteome. The distributions for the eukaryotic, bacterial, archaean and viral proteomes overlap at about 0.3-0.4 fraction disordered, even though the average protein length is longer for eukaryotic proteomes ( Figure 6 ).
Figures 5-7 show that archebacteria are divided into two groups: halobacteria and others. Halobacterial proteomes have high fraction of disordered residues, which may reflect the adaptation to environmental conditions [23] .
In contrast to a recent study [22] , we did not observe a sharp increase in the fraction of disordered residues upon transition from prokaryotic to eukaryotic proteomes. Instead, Figure 7 shows continuous dependence of the fraction of disordered residues on the size of the proteome. Figure 8 shows fraction of disordered residues versus the length of homo-repeats for all 122 proteomes. For hydrophobic amino acids a decreasing fraction of disordered residues, at the same time this value for charge, polar and small amino acid residues was increasing. The maximum fraction of disordered residues was obtained for proteins with lysine and arginine homo-repeats. These values correspond to 0.7. The minimum value corresponds to valine and leucine homo-repeats, these values are about 0.2.
Fraction of Disordered Residues in Proteins Containing Homo-Repeats of Different Length
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Alanine ( Arginine (Arg) Lysine (Lys) Figure 8 . Fraction of disordered residues for proteins containing homo-repeats tabulated for all 20 amino acids. Average fraction of disordered residues versus the length of the homo-repeat is plotted for hydrophobic, small, polar and charged amino acids as indicated. Table 1 shows a big difference between the occurrences of different homo-repeats in the bacterial (B_japonicum) and eukaryotic (H_sapiens) proteomes. The information about the proteins used in this analysis can be found in the HRaP database. These bacterial proteomes show frequent occurrences of homo-repeats containing small amino acids (alanine, glycine, serine, threonine, and proline), whereas human proteome contains many proteins with homo-repeats containing small, charged and polar amino acids. Table 2 lists 122 proteomes used in the current study. These proteomes were also analyzed in our other recent study [16] . 35301.P_pallidum * Category without rank is given; ** The name of order is given because the highest ranks are missing in the taxonomic description; *** The super-kingdom of bacteria is divided in phyla rather than kingdoms.
Experimental Section
Proteomes
Prediction of Disordered Residues
Disordered residues were predicted using the IsUnstruct program, which is based on the Ising model [19] . The parameters of the program were determined and optimized on the basis of protein structural statistics. The tests demonstrated that the program yields reliable predictions [18] . The program is available at our site [18] . It is important that the results of our method (IsUnstruct) are better than the results of the meta-predictor PONDR-FIT [24] and are comparable to the results of the neural-network-based technique CSpritz [25] (see Table 3 ). Our program works as well as the meta-server programs. This fact is presented in Table 5 from paper [18] . We have done additional calculations to demonstrate the definition of the fraction of disordered residues in protein. For artificial protein A there are three predicted disordered regions with the length of 50 residues ( Figure 9 ). The probability to be disordered for each residue from these regions is 0.45. The other residues are predicted as ordered. Protein B is an ordered one by the prediction.
If to use the definition of the fraction of disordered residues as the number of disordered residues divided by the total number of residues [22, 28] , then both proteins are ordered proteins. If to use our definition of the disordered content as summation of probabilities, then we receive 0.45 × 150/300 = 0.225. What score reflects the reality better? To simplify the situation, let us consider whether the fragments can be entirely disordered or ordered. In addition, we assume that the fragments fold independently. Both assumptions are quite natural for real proteins if the fragments are separated in the space. Then the probability that all of the regions are folded is p = (1 − 0.45) 3 = 0.17. This is the probability that the whole protein is ordered. As you can see, it is very low. The probability that there will be only one fragment disordered is 0.41, . If we make an exhaustive search over all possible states of the protein, calculate the fraction of disordered residues in each state and take into account the probability of states, then we obtain our assessment: the average fraction of disordered residues of protein is 0.225. However, the probability to be completely ordered is very low Red line corresponds the border between disordered and ordered residues, below 0.5 generally indicating ordered residues and above 0.5 intrinsically disordered residues.
In the case of real protein, we make an exhaustive search over all possible variants of the partially ordered/disordered proteins using the Ising model. In addition, in this case, the average fraction of disordered residues of protein exactly corresponds to the summation of probabilities normalized by the length of the protein. Or for the proteome, summation of the probabilities for all residues in the database is normalized to the total number of residues in the proteome.
In real proteins there are many cases when the predicted probability of being disordered is close to 0.5. If we use the rough definition of the fraction of disordered residues (i.e., the number of disordered residues divided by the total number of residues), we obtain understated estimates, as one can see from the presented Figures 10 and 11 and Table 4 below. Figure 10 demonstrates the correlation between the two definitions. If to use the rough definition of the fraction of disordered residues, our result is not changed (see Figure 11) . One can see the intersection of the fraction of disordered residues between eukaryotic and bacterial species, only we obtained all understated results.
Conclusions
The accepted notion in the field is that bacterial proteomes do not contain large numbers of disordered residues. Surprisingly, our analysis of large bacterial proteomes (with the number of residues exceeding 2,500,000) suggests that the fraction of disordered residues is comparable to that in eukaryotic proteomes. A continuous dependence of the fraction of disordered residues on the size of the proteome is observed for four domains of life: Eukaryota, Bacteria, Archaea, and Viruses. Moreover, the fraction of disordered residues increases for proteins with homo-repeats comprised of small, charged, and polar residues, and decreases for hydrophobic residues. We also demonstrate that using the definition of the fraction of disordered residues in proteins as the ratio of disordered residues to the total number of residues, the results are understated as compared to our definition as summation of probabilities for residues to be disordered normalized by the protein length.
